Abstract-With the driving force of "green" revolution in the electronics industry, tremendous efforts have been made in pursuing lead-free alternatives. Although lately lead-free alloys have drawn a lot of attention, their technical weaknesses, such as high processing temperature, poor wetting and high surface tension, limit their applications on the thermally sensitive, flexible, nonsolderable substrates and the ultra-fine pitch size flip chip interconnection. Conventional isotropically conductive adhesives (ICAs) have been used widely in surface mount and die-attach technologies for electrical interconnection and heat dissipation. The low temperature processing of ICAs is one of the major advantages over lead-free solders, which brings a low system stress, simple manufacture process and the like. In order to enhance the contact resistance of ICAs, the low melting point alloy (LMA) incorporating technology has been developed by our group. In this paper, LMA fusing methods were studied, since nonfused LMA in ICAs after a curing process can adversely affect the physical property and contact resistance stability. A differential scanning calorimeter (DSC) was used for the basic examination of depleting rate of LMAs in the typical ICAs. The cross-sectional morphology, LMA distribution and intermetallic compound were investigated by a scanning electron microscope (SEM). In addition, contact resistance for the ICA formulation incorporated with LMAs under elevated temperature and humidity was evaluated.
I. INTRODUCTION
A need for environmental and user-friendly alternatives to Sn/Pb solders is increasing in the electronic industry. Many efforts have been focused on replacing lead-containing solder materials with isotropically conductive adhesives (ICAs) in the electronic industry, which pursues lead-free solder materials as well as low cost interconnection materials. ICAs have been applied to the surface mount technology to establish mechanical and electrical joints between the printed circuit board and the surface mount components. Recently, special efforts have also been dedicated to the ICAs on the flip-chip technology [1] , [2] .
Besides the environmental issues, ICAs have many advantages over conventional solder, as follows: 1) lower processing temperature, less thermomechanical residual stress; 2) simpler processing than wave soldering; 3) high-resolution capability for fine-pitch interconnection. One of the drawbacks of ICAs, however, is their lower current density than metal solder materials. Electrical contact resistance of an ICA is composed of the contact resistance between the ICA and the metal pad, bulk resistance of silver flakes in ICAs and contact resistance between silver flakes. To reduce the contact resistances, the incorporation of a low melting point alloy (LMA) was suggested and demonstrated in our group, which is illustrated in Fig. 1 [4] , [5] . However, LMAs in the ICA formulation that are not melted after a curing process could be a critical concern to the mechanical and electrical reliability of the ICAs at elevated temperature and humidity. In this study, a new curing process was designed and demonstrated in order to completely fuse LMAs in ICAs. In addition, the stability of contact resistance for samples prepared by the different cure schedules under elevated temperature and humidity was evaluated. Modified ICA formulations were prepared by mixing the LMA with an organic acid first. Then silver flakes (from Ferro Co.) were added according to the weight ratio of LMA to Ag from 1:4 to 1:1. After that, epoxy resin was added in the above metal mixture according to the weight ratio of total metal to .
B. Differential Scanning Calorimetric (DSC) Analysis
Exothermic and endothermic behaviors of ICAs during an initial thermal excursion were monitored by using a DSC (Modulated DSC, model 2920, TA Instruments). Approximately 10 mg of each formulated sample was placed into a DSC pan and it was heated from room temperature to the melting point of LMAs at a 5
, then it was held at this temperature for 60 min, followed by a continuous thermal ramp to 200 . After cooling to room temperature, each sample was heated by the second thermal ramp at a 5 from room temperature to 200 to observe the melt behavior of LMAs in the ICA. Nitrogen was used as a purging gas for the environmental protection of the DSC sample chamber.
C. Microstructure Analysis
A scanning electron microscope (SEM, Hitachi Model S-800) was utilized for the microstructure analysis of ICAs. Samples were formulated and then were cured at the melting point of LMAs for 30 min, followed by curing at 150 for an additional 30 min. The cross section of each sample was polished following standard SEM sample preparation steps. A thin layer of Au was deposited on top of each crossectional surface of samples for good conductivity when examined by a SEM.
D. Contact Resistance Shift Under Elevated Temperature and Humidity
For the contact resistance test, an ICA paste was dispensed on the gap between metal patterns on the test coupons as shown in Fig. 2 and connected to the metal pad segments. After curing, contact reistance was measured from the two ends of the segments using a multimeter (Keithley Co.). Four specimens were preapred for each sample. The contact resistance was measured periodically during the 85 /85% relative humidity (RH) aging test. The average contact resistance of these four specimens is reported. then they were heated up again in the same hermetically sealed pan. The ratio of LMA-1 to silver in (a) is 1:99 by weight and that of (b) is 5:95. The peaks at around 140 indicate the melting point of LMA particle in ICA. In Fig. 3(a) , the LMA particles show a melting peak during the first heating process, however, during the second heating process a melting peak could not be found. This means that LMAs were fused into the formulation and transformed into another phase during the heating process. In Fig. 3(b) , a melting peak of LMAs was also shown during the first heating, but the melting peak still appears during the 2nd heating process. Although a certain portion of LMAs in Fig. 3(b) was fused into the formulation, it is thought that somehow the nonfused portion still remained, which shows a melting peak in the second scan. In addition, epoxy resin curing increases the viscosity of the system due to gelation, and LMAs fusion into the formulation could be hindered. The thermal profiles of LMA-2 filled ICAs were also shown in Fig. 4(a) and (b) . Ratios of LMAs to silver in Fig. 4(a) and (b) are the same as in Fig. 3(a) and (b) , respectively. LMA-2 shows similar behavior to LMA-1. From Fig. 4(a) , it is exhibited that all LMAs of 1 wt% in metal fillers was depleted into the formulation, since the melting peak disappeared after the first heating process. From Fig. 4(b) , it is found that some portions of LMAs of 5 wt% in metal fillers were not completely fused and nonfused particles still exist in the formulation. Consequently, LMA remelting cannot be avoided by only a simple heating process.
To remove the re-melt LMA particles in the formulation, a step-curing process was applied, which includes the two-step curing procedure. The first temperature employed was the melting temperature of each LMA, and this temperature was held for 30 min. and then the temperature was raised to the curing temperature of the epoxy resin to cure the epoxy matrix. Fig. 5(a) and (b) show the thermal profiles of LMA-1 and LMA-2 incorporated ICAs by a two-step curing process, respectively. In this test, the amount of LMAs added was higher than that of Figs. 3 and 4 , even though the total metal filler contents were identical. In Fig. 5(a) , during the first heating process, a melting peak of LMA-1 appears at around 140 and another rising peak appears. The rising peak is attributed to temperature holding and a certain degree of epoxy curing developing. On the second scanning, a re-melt peak was not found. It is thought that all LMAs-1 in metal fillers were fused into the formulation by a two-step curing process which provides LMAs with enough time to melt. Similar results were also obtained from LMAs-2 incorporated ICAs as shown in Fig. 5(b) . Through the two-step curing method, all of LMA-2 were also fused in the formulation and the re-melt LMAs-2 were not found during the 2nd heating process. From these results, it was confirmed that the two-step curing process was effective in fusing LMAs into the formulation. Fig. 6(a)-(c) show the metal particles used in this study. The particle size of LMA-1 and LMA-2 ranged from 15-25 and 30-40 , respectively. It is necessary to investigate the morphology of LMA filled ICAs cured by a one-step and two-step process. Fig. 7(a) and (b) illustrate the morphology of LMA-1 incorporated ICAs by a one-step curing process. The ratio of LMA to silver flakes was 1:3. It is shown that the spherical particles of LMA-1 still remained, not even melting or wetting on the silver flakes. Unlike a one-step cured sample, the different morphology was found in a two-step cured sample as shown in Fig. 8 . It is seen that LMAs wet and are fused on the surface of silver flakes. Many segments of fused regions were also shown, which covered the surface of the silver flakes and formed metallurgical connections. Fig. 9(a) and (b) show the morphology of LMA-2 incorporated ICAs prepared by a one-step curing process. It can be seen that the spherical LMA particles are not fused, even though LMAs and silver flakes contact each other. Accordingly, it is thought that the epoxy curing will hinder the melting and wetting of LMA particles and limit the movement of the particles resulting in fixing the shape of the LMA particles. Fig. 10(a) and (b) show the morphology of LMA-2 filled ICAs by a two-step curing process. Similar to Fig. 8 , many clods of metal particles are shown, which are from LMAs melting and wetting on the silver surface and are covering the surface of silver flakes. Consequently, it was confirmed by morphological observation that the two-step curing process provides LMA with enough time to wet and cover up the surface of silver flakes forming metallurgical interconnections. Contact resistance of LMA incorporated ICAs during the harsh environment aging test was evaluated in terms of curing processes. Most silver-filled conductive adhesives exhibit increasing contact resistance on nonnoble metals under harsh environment. This is due to the metal oxide formation resulting from the galvanic corrosion at the interface between ICAs and nonnoble metal [3] . Fig. 11(a) and (b) show the contact resistance shift of one-step and two-step cured ICAs, in which LMAs-1 and LMAs-2 are incorporated, on a Sn surface finish as a function of aging time under the 85 /85% RH condition. In Fig. 11(a) , although the contact resistance of a two-step cured formulation increased after 400 h, the one-step cured sample showed a significant increase only after about 100 h. Therefore, a two-step cured sample was more stable in terms of contact resistance than a one-step cured one. For Fig. 11(b) , contact resistance of the one-step cured samples started to increase dramatically from the beginning of the aging test and continued increasing. In contrast, a two-step cured sample shows much more stable contact resistance compared with the one-step cured one. Clearly, the ICAs incorporated with LMAs prepared by the two-step curing process showed much more stable contact resistance on Sn than the ICAs prepared by a one-step curing process. Non-fused LMA particles in the ICA formulations remain in the spherical shape and cover up neither silver flakes nor the metal pad. Therefore, nonfused LMAs do not contribute the metallurgical interconnection between either silver and LMAs or LMAs and the metal pad. Consequently, ICAs cured by a two-step curing process showed much more stable contact resistance under the elevated temperature and humidity resulting from the fusion of LMAs into silver flakes and the metallurgical interconnection between silver flakes and LMAs and between LMAs and the metal pad.
IV. CONCLUSION
By a one-step curing process, LMAs in ICAs were not fully fused into the formulation and a melt peak during the second heating scan was found. The two-step curing process provides LMAs in ICAs with enough time to fuse in the formulation and the metallurgical interconnection forms between LMAs and silver and between LMAs and the metal pad. This was confirmed by DSC and SEM observations. The ICA formulation cured by a two-step curing process exhibited much more stable contact resistance under the 85 /85% RH condition than that by a one-step curing process.
